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Introduction:
The principles of biomechanics must be prudently measured in the design of implant-supported fixed partial dentures (FPDs).
(1) The functional loads applied to prostheses are transferred through the implants to the surrounding bone. However, the bone can only tolerate physiological strain and stress levels. (2) (3) (4) The implants placed in the anterior maxillary region often have a lower survival rate than those placed in the anterior mandibular area.
(1-3) Moreover, the pattern of bone loss cannot be accurately predicted in the anterior maxilla after tooth loss. (2) Due to the changes in the bone morphology of the anterior maxillary area, it has become an increasingly common practice to place the implants in angled positions in order to comply with space limitations and aesthetic needs. (5) (6) (7) In protrusive mandibular excursions, palatal surfaces of maxillary incisors serve as a vertical guide for mandibular incisors. (3) Therefore, occlusal loads are often applied at an angled direction to the long axes of the implants which substitute anterior teeth. Most of the studies that focus on the biomechanics of implants have concluded that stress mainly concentrates at the implantbone interface at the level of crestal bone. (7) (8) (9) Angulation of the abutment is an important variable that needs further assessments. (1) Finite element analysis (FEA) can predict mechanical behaviour in complex structures by dividing the structure into smaller elements. Since these elements are interconnected with nodes, the whole structure will be affected under pressure. As the implant and its surrounding bone have a very intricate structure, the changes caused by functional forces can be carefully monitored by using FEA. (10) (11) (12) The purpose of this FEA was to assess stress and strain distributions in the peri-implant bone of the anterior maxillary region with two different abutment materials and abutment designs.
Materials and Methods:
Standard titanium implants (Institut Straumann AG, Basel, Switzerland) with regular necks (4.8×12 mm) were selected for this FEA. A dry skull was used to obtain a digital image of premaxillary bone by photogrammetry system with the aid of a portable Coordinate Measuring Machine (CMM, Rexcan III, VDI/VDE 2634, Germany). The scanned image was transferred as point cloud data to the SolidWorks 3D software (version 2014, Dassault Systemès SolidWorks Corp.) which converted the spatial coordinates into a virtual geometric model. The obtained geometric model was transferred to ANSYS 14.5 Workbench (version 2014, Canonsburg, Pennsylvania, USA) to design and mesh the finite element models according to the free mesh method and by using three-dimensional (3D) solid tetrahedron elements (Figure 1 ). Four 3D models were designed by the use of AN SYS 14.5 software: (Model I) an implant with a straight titanium abutment, (Model II) an implant with a straight zirconia abutment, (Model III) an implant with a 20° angled titanium abutment, and (Model IV) an implant with a 20° angled zirconia abutment in the anterior maxilla. The straight abutment model had 5375 elements and 11058 nodes, while the angulated abutment model had 6225 elements and 12386 nodes. The modelled maxilla included the palatine process of maxilla, palatine bone, and residual alveolar process. The modelled anterior maxillary bone had type 3 bone quality according to the classification by Lekholm and Zarb. (2) In the anterior maxilla, thin cortical bone surrounds a core of trabecular bone. The thickness of cortical bone was considered to be 0.5 mm according to a study by Saab et al. (2) All of the connections between the elements were considered as bonded. The mechanical properties (Table  1 ), boundary conditions, and the nature of loading were obtained from relevant studies. (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) The boundary conditions were determined as fixed support. The models were assumed to be homogenous, isotropic, and linear elastic. The Young's modulus and Poisson's ratio values were entered into ANSYS 14.5 software which automatically calculated the bulk modulus and shear modulus.
The implant-abutment assembly was inserted into the alveolar bone at a 113° angle relative to the anterior nasal spine-posterior nasal spine (ANS-PNS) line which is considered as the reference line in similar studies. (8) (9) (10) (11) The ANS-PNS line was horizontally oriented. Since the assessment of stress distribution at the abutment-prosthesis interface was not part of the study, the crowns over the abutments were omitted. The contact between the incisal edges of mandibular incisors and the palatal surfaces of maxillary incisors forms a 130° angle. It is assumed that the load applied to the palatal surfaces of maxillary incisors is parallel to the long axes of mandibular incisors. In addition, a buccally and apically directed load applied to the cingulum simulates a clinical situation where mandibular incisors occlude on the lingual surfaces of maxillary incisors in a centric occlusion.
(13,14) Consequently, the load was applied to the cingulum at a 130° angle relative to the long axis of the implant placed in the anterior maxilla ( Figure 2 ). The magnitude of the load was chosen to be 178 N, which was within the range reported by previous studies. (13) (14) (15) A linear static analysis was performed on the prepared 3D models. The results were extracted in the form of stress and strain contours. The maximum von Mises stress and elastic strain in the abutments and the surrounding cortical and cancellous bones were measured. The colours in the figure legends indicate the levels of stress and strain ranging from dark blue (the lowest) to red (the highest).
Results:
The values of maximum von Mises stress and elastic strain in the abutments and the surrounding bone are summarized in Angulated abutments transferred lower levels of stress and strain to the surrounding bone compared to straight abutments (Figures 4 to  6 ). Since elastic analysis was performed on the models, similar behaviour can be anticipated with regard to elastic strain and deformation. Angled titanium abutments created 28.5% less strain in the surrounding bone than straight titanium abutments, while angled zirconia abutments created 15% less strain than straight zirconia abutments. In general, strain concentration in cortical bone was slightly higher than that in cancellous bone (Table 2, Figure 6 ).
The results show that higher levels of stress and strain were transferred to the abutments than to the bone. The patterns of stress and strain distribution were similar in cortical and cancellous bones. Moreover, stress and strain mostly concentrated at the coronal one-third of crestal bone, i.e. at the implant-abutment joint in the labial surface, while the values declined from the implant-abutment joint towards the apical part of the implant. Moreover, more stress concentrated in the zirconia abutment in comparison with the titanium abutment, while the stress distribution, elastic strain, and deformation in the bone were slightly lower around the zirconia abutments in comparison with titanium abutments. Nevertheless, the abutment's material had a less considerable effect on the level of stress and strain transferred to the bone compared to the angle of the abutment. Also, stress and strain were higher in the labial surface compared to the palatal surface of the surrounding bone (Figures 4 and 5) . increases the stress and strain within the abutment, it decreases the stress and strain in the surrounding bone. On the other hand, when zirconia was used instead of titanium, stress was higher in the abutment but slightly lower in the surrounding bone and in the whole geometry. This can be attributed to the higher Young's modulus of zirconia in comparison with titanium.
Papavasiliou et al stated that an angled application of load might lead to overloading the bone around single implants. (4) However, experimental and clinical reports by Saab et al, (2) Sethi et al,
Arun Kumar et al, (6) Hasan et al, (7) Wu et al. (8) Tian et al, (9) Kao et al, (10) and Canay et al, (11) revealed contrary results as they concluded that angled abutments may be a suitable modality when implants cannot be placed in ideal axial positions.
Clelland et al placed abutments with different angulations in the anterior maxillary area and applied masticatory forces along the long axes of the abutments to simulate an edge-to-edge occlusion in the clinical setting. (16) Since masticatory forces significantly decrease in mandibular eccentric positions, their results may be overstated as they concluded that the peak compressive stress for the 20° angled abutments was slightly above the physiological threshold. (16) According to the principles of biomechanics, several methods have been used in order to decrease the torque in the anterior maxilla such as the use of angulated abutments and providing a horizontal lingual stop on the palatal surface.
(25,26) According to Weinberg, if angulated abutments are used, the distance from the resultant line of force to the center of rotation of the implant would decrease, and a lower torque would be applied to the implant (torque=resultant line of force × distance). (27) In FEA, models are considered isotropic and homogenous to simplify calculation procedures. (15) (16) (17) However, bone is an anisotropic material, which means that when it is evaluated at different directions, it shows different mechanical properties.
(26-33) Some researchers have attempted to reconstruct maxillary and mandibular models with some degrees of anisotropy. O`Mahony et al evaluated the pattern of stress distribution in two mandibular models: one completely isotropic and the other transversely isotropic, and found that in the latter, the amount of stress in crestal bone was
Discussion:
Low cost, flexibility, high accuracy, and lack of need for refined equipment are some of the advantages of FEA. (12) (13) (14) (15) (16) (17) (18) By using this method, it is possible to determine the level and pattern of stress and strain distributions in complex structures. Of course, the design, geometry, mechanical properties, magnitude, and direction of load application can considerably change the results . (12) (13) (14) (15) (16) (17) (18) In the present study, the finite element models were meshed with different number of elements ranging from 5000 to 11000 to confirm the objectivity of the results of von Mises stress, and it was proven that the stress values did not have a correlation with the number of elements in the mentioned range. Moreover, the maximum strain values in the models were within a fixed range.
In general, maxillary and mandibular models consist of a core of cancellous bone and a surrounding layer of cortical bone. Cancellous bone has a Young's modulus lower than that of cortical bone. Thus, the applied loads distribute in cancellous bone, while the cortical bone absorbs most of the stress. The results of the current FEA showed that the maximum stress and strain concentrated at the coronal one-third of cortical bone, which is similar to the findings of other similar finite element studies. (5, (18) (19) (20) (21) (22) (23) (24) Several researchers have agreed that the maximum stress concentration is usually detected within the cortical layer, (5) (6) (7) (8) (9) (10) (11) (12) which may be attributed to the material properties allocated to the bone model in FEA. (25, 26) It has been demonstrated that maxillary and mandibular models comprising of a cancellous core with a Young`s modulus lower than that of cortical bone may simulate a situation where the implants are supported only by the cortical layer. (5, (18) (19) (20) (21) (22) (23) (24) On the other hand, since the fulcrum is at the coronal one-third, and the response forces in this area oppose the applied load, the maximum stress and strain levels are created in the mentioned region. In addition, the results indicated that the levels of stress and strain were higher in the labial surface of the peri-implant bone. Considering the fact that the loads were applied from the palatal surface and since the labial bone is less bulky than the palatal bone, stress and strain distribute more intensely in the labial bony surface.
The findings of the present analysis indicated that although the angled positioning of the abutment 20% higher than that in the former. (28) What differentiates the present study from previous works is that the implants were designed with the exact coordinates and based on the data presented by the manufacturing company. In addition, the obtained values were compared with the physiological threshold proposed by Frost. (29) According to Frost, bone remodeling stops when maximum strain-causing loads are below 1500 µstrain. However, the bone remodels when strain values reach 1500-3000 µstrain. Strain values exceeding 4000 µstrain cause pathological bone deformation .
(29) In the current study, both straight and angulated abutments created strain levels in the surrounding bone within the physiological threshold and lower than 1000 µstrain.
The stress and strain values obtained in the current study were lower than those reported by Saab et al since they used two-dimensional (2D) FEA.
(2) 3D FEA shows stress distribution in three dimensions, and consequently, the obtained values would be lower than those acquired from 2D models and could more realistically simulate the clinical situation. 
Conclusions:
Within the limitations of the present study, it can be concluded that stress and strain levels generated by both straight and angled abutments are within the physiological threshold. Although the level of stress and strain in angled abutments may be high, these abutments create lower stress and strain levels in the surrounding cortical and cancellous bones compared to straight abutments. The material of the abutment has a less considerable effect on stress and strain distribution compared to the angle of the abutment. Stress and strain levels are higher in zirconia abutments in comparison with titanium abutments.
